ABSTRACT An inchworm type piezoelectric actuator with four driving feet is proposed and tested. The proposed actuator has merits of easy fabrication and miniaturization structure by using a bonedtype structure. Horizontal vibration mode and vertical vibration mode are produced synchronously with a certain temporal phase, and their superimposition makes the driving feet produce elliptical movements. The actuators can achieve bidirectional motion easily by exchanging the two driving signals. The resonance frequencies of the two modes are tuned to be close at 41.35 kHz by adjusting the structural dimensions. The mode shapes and trajectories of driving feet are investigated to verify the driving principle. The vibration amplitudes of driving feet in driving direction are trimmed to be nearly the same via changing the phase difference. The design and analysis are accomplished by finite element method. The vibration characteristics of the prototype are verified by a scanning laser Doppler vibrometer. The fabricated piezoelectric actuator achieves a maximum speed of 1641 mm/s and a maximum thrust of 120 gf.
I. INTRODUCTION
Piezoelectric actuators, featuring strong electromagnetic compatibility, compact size [1] - [4] , high precision [5] - [9] , flexible design [10] - [14] and self-locking at power off [15] - [20] , have been applied into many fields such as precision manufacturing [21] - [25] , aerospace mechanism [26] , [27] and bioengineer equipment [28] - [31] . The output displacement of the piezoelectric element is very small by comparing with its size as the strain coefficient of the piezoelectric material is relatively small. Inchworm type piezoelectric actuators were developed with the concept that adding up small displacements in each step to achieve large displacements. Inchworm type piezoelectric actuators can be categorized into three groups [32] , [33] : ''walker'' [34] - [37] , ''pusher'' [38] - [40] and ''walker-pusher'' [41] , [42] . The inchworm type piezoelectric actuator usually consists of two clamping devices and one extending device. For example, Li et al. [43] proposed a linear piezoelectric inchworm type actuator for both shape and vibration control of adaptive truss structures, which achieved an output force of 160 N and an incremental displacement of 8.3 µm in each step. Compliant mechanism displacement amplifiers were used to avoid the tight tolerance of output shaft and clamping devices. However, the displacement amplifiers also led to the decrease of the maximum output force and structural stiffness. The increasing of the quantum of piezoelectric element could solve this problem easily. But it will also increase the volume and weight of the clamp devices. Piezoelectric inchworm actuators equipped with Micro-Electro-Mechanical Systems (MEMS) ridges provided a more promising solution, compared with conventional piezoelectric inchworm actuators which relied on a frictional mechanism to produce force outputs. The mechanical interlocking of MEMS ridges improved the load capacity significantly while increased the volume and weight of the actuator slightly [42] , [44] - [46] . For instance, Park et al. developed a piezoelectric inchworm actuator equipped with MEMS ridges [45] , [46] , which achieved a block force of 450 N and a maximum speed of 11 mm/s in a relatively compact size (70 mm × 37 mm × 6.5 mm) with a weight of 100 g. Shao et al. proposed a piezoelectric inchworm actuator with modified MEMS ridges [42] , whose control strategy was design to compensates for hysteresis and the uncertain compression of the structure induced by acting against external loads of different stiffness. And an improved load capacity was achieved by using the control strategy.
Furthermore, the output speed of inchworm type piezoelectric actuator, one important mechanical characteristic, is limited. Operating the actuator at higher frequency can easily achieve a much higher speed without gaining weight and volume, compared with increasing the displacement of extending device. For instance, Sun et al. [47] proposed linear-rotary actuators achieved the maximum linear velocity of 1450 µm/s under the frequency of 150 Hz. However, the response time of the piezoelectric stack and the slip between the clamping devices and output shaft caused loss in speed when the piezoelectric inchworm type actuator worked under high frequency [48] , [49] . Li et al. operated a piezoelectric rotary actuator by means of inchworm motion form 0.1 Hz to 40 Hz [48] ; the speed of the actuator increased when the frequency varies from 0.1 Hz to 30 Hz, but decreased when the frequency was higher than 30 Hz (there was small displacement on output shaft, although slippage was relatively large under high frequency). Zhang et al. designed a frog-shaped linear piezoelectric actuator with W-type legs and a Langevin vibrator [50] , which served as the clamp device and extending device respectively; this actuator achieved a maximum speed of 287 mm/s via operating at the resonant frequency, but the drawback was that the actuator achieved unidirectional movement only. Besides, the parameters of structure needed to be adjusted to make the driving feet had the same mechanical characteristics in driving direction.
An inchworm type actuator driven by two signals is proposed in this work, the bidirectional motion can be achieved easily by exchanging the exciting signals. Bonded-type structure is used to simplify the fabrication and reduce the size. The phase difference of the two exciting signals is trimmed to ensure the driving feet have coordinated paces, which can avoid the wastage of energy. The rest of this paper is organized as follows. First, the configuration and the operating principle of the actuator are discussed. Then, the motions of the driving feet are investigated by the finite element method (FEM). At last, a prototype is fabricated and its vibration modes and mechanical abilities are measured.
II. STRUCTURE AND OPERATING PRINCIPLE
The structure of the proposed actuator is shown in Figure 1(a) . The actuator is composed of two horizontal beams and one vertical beam, the end tips of the horizontal beams serve as the driving feet. The actuator is fixed on a slider with its driving feet pressed on the wall. PZT ceramic plates are bonded onto the upper and lower surfaces of each beam. All PZT ceramic plates are polarized along their thickness directions, and two sinusoidal signals with the same frequency are applied on the actuator as shown in Figure 1(b) . The signals applied on the vertical and horizontal beams are named V a and V b , respectively. In addition, V a and V b are generated synchronously with temporal phase. The driving feet can vibrate in vertical and horizontal directions when V a and V b are applied on the actuator, respectively. As a result, elliptical movements are generated on the driving feet by the superposition of the vibrations in the horizontal and vertical directions. where d, c E , ε T and ρ are the piezoelectric constant matrix, the stiffness matrix at constant electric field, the dielectric matrix at constant stress and the mass density, respectively. The horizontal and vertical resonance frequencies of the driving feet were designed to be as same as possible for the effective excitations of the elliptical movements on the driving feet. Modal analysis was accomplished by the finite element method in ANSYS software. Firstly, the horizontal beam and vertical beam were calculated separately. Their dimensions were tuned roughly to ensure that the first longitudinal and the third bending resonant frequencies of the horizontal beams, as well as the first longitudinal resonant frequency of vertical beam, approached to each other. Then, the three beams were integrated together, and the accurate matching of the resonance frequencies was achieved by trimming the structural parameters. The operating principle of the proposed piezoelectric motor is shown in Figure 3 . The horizontal vibrations of the feet are used to overcome the preload and the vertical vibrations will push the actuator into motion, when V a and V b are applied on the actuator. The vibration shape of foot-1 changes in the order of (1)- (2)- (3)- (4) . Meanwhile, the vibration shape of foot-2 follows the sequences of (3)- (4)- (1)- (2) . The actuator runs leftward like an inchworm by the alternate pushing of foot-1 and foot-2. It is obvious that this actuator can move rightward by exchanging the signals of V a and V b .
III. MOTIONS OF THE DRIVING FEET
Vibration shapes shown in Figure 2 illustrates that there are couplings between the horizontal and vertical displacement of the driving feet. Thus, the trajectories of the four driving feet are investigated in this section. V a and V b with frequency of 41.355 kHz were applied on the PZT plates during the analysis carried out by FEM. It is obvious that trajectories of foot-3 and foot-4 are symmetrical with those of foot-2 and foot-1 respectively, as the structure and vibration shape of the actuator are symmetrical. Thus, the movements of foot-1 and 2 are extracted and plotted. V a and V b were set as sine and cosine signals of 100 V rms , respectively. The horizontal and vertical vibration amplitudes of foot-1 are 4.379 µm and 3.694 µm, while the corresponding amplitudes of the foot-2 are 4.447 µm and 4.482 µm, as shown in Figure 4 (a). Foot-2 gets both larger horizontal and vertical displacements than foot-1, which means that foot-2 will produce larger thrust force and higher speed. The uncoordinated paces of driving feet can lead to speed loss and wastage of energy. This phenomenon is caused by the coupling vibration of the three beams. Both horizontal and vertical vibrations of the driving feet are generated whether in the horizontal mode or vertical mode, as shown in Figure 2 . Especially, there is the strong coupling between the first longitudinal and the third bending vibrations in horizontal beams, because of the asymmetrical boundary condition caused by their linkage.
Then, the motions of feet under the excitations of the horizontal and vertical modes were calculated separately. Firstly, V a was set as a cosine voltage of 100 V rms and V b was zero, for the generation of the vertical vibration mode. It should be noted that we can change the movements of the driving feet by tuning the phase difference between the two sinusoidal exciting signals. Therefore, the influence of phase difference on the motion trajectories of the driving feet was investigated. V a and V b were set to 100 V rms , and the temporal shift that V b ahead of V a was changed from 0 • to 180 • with step size of 15 • during the transits analysis. The movements of foot-1 and 2 are plotted in Figure 5 (a) and (b). The vibration amplitudes in horizontal and vertical directions under different phases are extracted and shown in Figure 5 (c) and (d), respectively. The gained trajectories are all ellipses under different phase differences. But the directions of the principle axes, the horizontal and vertical vibration amplitudes vary with the phase difference. The displacements of foot-1 and 2 along horizontal direction are nearly the same with the value of 4.4 µm shown in Figure 5 (c). And both of them fluctuate in a small range which is less than 5.5% of the max vibration amplitude. However, the vertical vibration amplitudes of foot-1 and 2 variety in a large range, as plotted in Figure 5(d) .
The displacement of foot-1 along vertical direction decreases slightly when the phase difference increase from 0 • to 15 • , then it grows rapidly in range of 15 • to 180 • , and foot-1 achieve the maximum of about 5.56 µm at temporal shift of 180 • . The trend of vertical vibration amplitude of foot-2 is opposite to that of foot-1. The vertical vibration amplitude reaches the maximum of about 5.56 µm at temporal shift of 15 • . It is obvious that different amplitudes along the vertical direction will cause inconsistent paces of driving feet, which leads to the wastage of driving power. Thus, the driving feet should have close vertical vibration amplitudes to ensure the maximum output power. It can be predicted that the actuator can achieve a maximum speed under the phase difference of 101.6 • when foot-1 and 2 have nearly the same vertical amplitudes, as shown in Figure 5(d) .
IV. EXPERIMENTS
A prototype of the proposed inchworm type piezoelectric actuator is shown in Figure 6 . Its vibration characteristics were measured by using a scanning laser Doppler vibrometer (PSV-400-M2, Polytec, Germany). Figure 7(a) shows the test method: area-1 consisting of the side surface of the driving feet is selected to test the horizontal mode; area-2 containing the side surface of a horizontal beam is taken for the vertical mode. Figure 7 (b) and (c) show the vibration shape and vibration velocity response spectrum of area-1. It can be seen that the two driving feet vibrate with up-down movements under a resonance frequency of 41.758 kHz, and the vibrations on driving feet are equal in magnitude and opposite in direction. The vibration shape and vibration velocity response spectrum of area-2 are shown in Figure 7 The vibration shapes tested in horizontal and vertical mode agree well with the results by modal analysis. However, the tested resonance frequencies of the horizontal and vertical are slightly different from the ones calculated by FEM. The machining and assembling errors may contribute to these discrepancies.
The mechanical output performance of the prototype was measured with the experiment setup shown in Figure 8 . The center part of the prototype was clamped by the nylon gripper, which was fixed with a slider. Pressure and pre-friction between the wall and driving feet was adjusted by the screw on the gripper. The weight was employed to apply mechanical load by linking with the slider through a cable-pulley system. The magnetic sensor (Model: SIKO MSK200/1-0085, Germany) mounted on the slider and the magnetic belt (Model: SIKO MB200/1, Germany) boned on the side surface of the wall were used to measure the displacement of the prototype. An encoder (Model: ART Technology PCI2394, China) and a personal computer (PC) were utilized to acquire and process the signals from the magnetic sensor. V a and V b are all sinusoidal signals with the same voltage and frequency during the mechanical test.
Firstly, the no-load output speed of the actuator was tested under a pre-friction of 100 gf, voltage of 100 V p−p and temporal shift of 90 • to find the optimum operating frequency. The proposed actuator reaches the maximum speed of 8 15.9 mm/s at 41.47 kHz, as shown in Figure 9 . The slight discrepancy between the resonance frequency measured by the Doppler vibrometer and the optimum operating frequency are mainly caused by the constraint conditions and preload between the wall and the driving feet.
Then the no-load speed under different temporal shift was measured. The temporal shift was changed form 0 • to 180 • under frequency of 41.47 kHz, pre-friction of 100 gf, and voltage of 100 V p−p . It can be seen that the prototype achieved a maximum no-load speed of 847.4 mm/s with the phase difference of 105 • , as shown in Figure 10 . This agrees well with the calculated results by FEM. Next, the influence of voltage on output speed was investigated under a pre-friction of 100 gf, frequency of 41.47 kHz and temporal shifts of 105 • . It is clear recognized that output speed is nearly linearly dependent on the amplitude of the voltage, as shown in Figure 11 . That means the output speed could be controlled by changing the voltage of The comparison between the proposed piezoelectric actuator and the previous frog-shaped linear piezoelectric actuator designed by Zhang et al. [50] is listed in Table 1 . Compared with the frog-shaped actuator, the proposed actuator achieves a 572% maximum speed with a 20% weight. It can be seen that the proposed actuator achieves a higher output speed with a small weight. More significant, bidirectional motions are obtained by the proposed actuator. In addition, the same motion characteristic of driving feet is acquired by adjusting the phase difference between signals rather than changing the structure parameters. This provides a more flexible way to make the driving feet have coordinate paces. Besides, the proposed piezoelectric actuator has a much simpler structure which can benefit the miniaturization.
V. CONCLUSION
An inchworm type piezoelectric actuator working in resonant state was proposed and its mechanical output performance was investigated. This actuator can run bi-directionally and quickly like an inchworm by the alternate pushing of the driving feet. Finite element analysis was carried out to investigate the trajectories of the driving feet. It was found that the driving feet had different motion characteristics, which was mainly caused by the coupling among the first longitudinal and the third bending vibrations in horizontal beams. The uncoordinated pace of driving feet resulted in wastage of energy. The vertical displacements of the driving feet were adjusted to be nearly the same by adjusting the phase difference of the two sinusoidal exciting signals. The resonance frequency of the proposed inchworm type piezoelectric actuator was calculated to be 41.35 kHz, and the prototype achieved the maximum speed at 41.47 kHz. The tested optimum temporal shift was 105 • , which agreed well with the results calculated by FEM. The prototype achieved a maximum speed of 1641 mm/s and a maximum thrust of 120 gf. 
